Abstract: Propylene was polymerized with two C 2 symmetric metallocene catalysts, ethylene bis(indenyl)zirconium dichloride and dimethylsilyl bis(2-methylbenz(e) indenyl) zirconium dichloride, in the presence of increasing amounts of hydrogen. The hydrogen influenced the molecular weight significantly, as was expected. The degree of isotacticity of the polypropylene was influenced by the level of hydrogen added during polymerization, and the amount and type of stereoerrors as determined by 13 C NMR increased as hydrogen levels were increased. Results indicated that efficiency of enantiomorphic site control is dependent on the length of the growing polymer chain during polymerization.
Introduction
In the polymerization of propylene by heterogeneous transition metal catalysts, the use of hydrogen to control molecular weight is common. When metallocene catalysts are used for the same reaction, hydrogen in generally not used, as it is not always that simple to attain high molecular weight polypropylenes. The metallocene catalysts are known to be very sensitive to the presence of hydrogen, even trace amounts apparently severely reduces the attainable molecular weight.
With metallocene catalysts, and in particular the C 2 symmetric catalysts, it is generally accepted that stereocontrol during the polymerization of a prochiral olefin like propylene is due to enantiomorphic site control [1] . This has the result that only certain types of stereoerrors are possible.
These stereoerrors can quite easily be determined by 13 C NMR, and extensive work by, inter alia, Busico and co-workers [2] [3] [4] [5] has made it possible to quickly and easily use the microstructural analyses of polypropylenes to gain information about the way catalysts function. It is generally understood that enantioface selectivity during primary coordination of a prochiral monomer of a specific catalytic site is largely determined by energy considerations [1] (and more precisely, the energy differences between 2 enantiofaces), and that the spatial orientation of the growing polymer chain plays a large role in this regard. Models of this process [6] [7] [8] predict that the first insertion of monomer into a metal-hydride or metal-methyl bond during the propylene polymerization with a C 2 symmetric metallocene catalyst is nonstereospecific. Theoretically, enantiomorphic site control becomes effective as soon as the growing polymer chain is larger than 4 carbons [9] [10] [11] . However, we have, in the past, noticed that stereoerrors not consistent with enantiomorphic site control becomes evident when low molecular weight polypropylenes are prepared. This prompted us to investigate the effect of molecular weight control on the stereocontrol of C 2 symmetric metallocene catalysts during the polymerization of propylene. This is not to be confused with the effect of catalyst isomerization, which occurs quite readily with some of the C 2 symmetric catalysts when solutions of these catalysts are exposed to light [12, 13] .
In this study polypropylenes were synthesized by using two different types of C 2 2 ZrCl 2 /MAO, in the absence and presence of different amounts of hydrogen. These polypropylenes were characterized by nuclear magnetic resonance spectroscopy (NMR) to study the microstructures, high temperature gel permeation chromatography (HT-GPC) to measure the molecular weights and molecular weight distributions, and differential scanning calorimetry (DSC) to determine the melting points of these polymers. The polymerization activity of the catalysts appear to be enhanced by the presence of hydrogen (see also Figure 1 ), while the molecular weight is depressed quite markedly, as was expected. It is assumed that the increased activity is a result of 2,1 coordination followed by chain termination by hydrogen. This can be quite clearly seen by evaluating the endgroups formed in both systems in the presence of hydrogen, as well as the level of 2,1 insertion into the polymer chain. 13 C NMR analyses allowed for endgroup analyses to be conducted (spectra not shown here). For the polymers produced by the EI catalyst, values of 16% and 36% are endgroups due to chain transfer after a 1,2-insertion and chain transfer after a 2,1-insertion respectively, implying that a majority of chain termination reactions occurred in the polymerization via transfer reaction after 2,1-insertion. For the MBI catalyst values of 45%and 5% were obtained for endgroups resulting from chain transfer after a 1,2-insertion and chain transfer after a 2,1-insertion, respectively. This implies, in contrast to the EI catalyst system, that 2,1 coordination does not occur easily with the MBI catalysts.
Results and discussion
The microstructure of the isotactic polypropylene samples was analyzed by solution 13 C NMR. The 13 C NMR spectra of selected samples prepared with different amounts of hydrogen are shown in Figure 2 . We measured the integrals of the methyl pentad integrals for polymers prepared with different amounts of hydrogen, and these results are summarized in Table 2 . Peak assignments were made according to Busico Table 1 shows the difference in tacticities of the two different catalyst systems in the present study. It can clearly be seen the tacticity of the polypropylene polymers produced using MBI catalyst system dropped significantly (from 98.0% in the absence of hydrogen to 89.1% in the presence of 12.6 wt% hydrogen), while the decrease was less pronounced in for the polymer produced with the EI catalyst system (from 86.5% in the absence of hydrogen to 81.3 % in the presence of 6.3 wt% hydrogen). This is in contrast to some other reports. A strong negative on tacticity by the presence of hydrogen was found by Lin and Waymouth with bis(2-arylindenyl)Zr/MAO catalysts [14] . Jungling et al [15] reported a slight decrease in stereoregularity, from 96.6 to 95.4% mmmm pentads of the MBI catalyst system at low hydrogen content (0.35 bar partial pressure of hydrogen, Tp = 40 o C and [Zr/Al] ratio of 1:3000). A similar effect was found by Carvill [16] with same catalyst system. With the rac-Me 2 C(3-t-Bu-1-Ind) 2 -ZrCl 2 /MAO catalyst system, polymerizing in liquid propylene at 50 °C, it was reported that the presence of hydrogen had no effect on the tacticity of polypropylene produced [17] .
What was of real interest to us is the presence of stereodefects that are not expected when enantiomorphic site control directs the stereochemistry of the polymerization. In Table 2 it can clearly be seen that all nine types of stereoerror are present in the lower molecular weight materials. The difference in the 13 C NMR spectra of polymers produced in the presence and absence of hydrogen for both catalyst systems is illustrated by the examples shown in Figure 2 . Figure 3 shows the expanded methyl region for the same four polymers, and in the presence of hydrogen the stereodefects rmmr, mmrm, rmrr, mrmr and mrrr are present. The presence of these defects ( Figure 3) clearly indicates a decrease in the control of the catalysts as the molecular weight decreases or the hydrogen content increases. This is illustrated graphically in Figure 4 , in which the amount of "expected" stereoerrors for isotactic polypropylene produced by the MBI catalyst system (mmmr, mmrr and mrrm), expressed as a percentage of the methyl peaks are shown as well as the total of the others (see Table 2 ).
A similar graphic illustration can be produced for the polymers produced by the EI catalyst ( Figure 5 ). These results seem to indicate that, with polymers produced in the presence of hydrogen, with low molecular weight, stereoerrors inconsistent with enantiomorphic site control are present in noticeable amounts. These errors are less apparent, or apparently absent when higher molecular weight polymer is produced. These results indicate that the stereocontrol of the C 2 symmetric catalysts appears less effective when the chains are still quite short. By extension, this could also mean that the stereoerrors in polypropylene produced by isospecific C 2 symmetric catalysts are present in greater quantities near the one chain end of the polymer. What is also interesting is that the amount of "expected errors" (mmmr, mmrr and mrrm) remain fairly high and consistent with the polymer produced with the EI catalyst (albeit that the maximum amount of hydrogen used is only 6.3%), while the other errors steadily increase. With the MBI catalyst, however, there is a steady increase of the "expected" errors as hydrogen increases, as well as a rapid increase in the other errors as we reach higher hydrogen levels.
Conclusions
We have illustrated that for the experimental conditions that were used, adding substantial amounts of hydrogen during the polymerization of propylene with selected C 2 symmetric catalysts leads to a decrease in tacticity and an increased loss of enantiomorphic site control. This loss of control and tacticity is more pronounced for the more stereospecific MBI catalyst.
Experimental part
Propylene (polymerization grade, > 99%) was obtained from Fedgas (SA) and purified by passing through three columns containing BASF catalyst R3-11G and molecular sieves. High purity hydrogen (total impurities < 7 ppm) was also obtained from Fedgas. Toluene (analytical grade, Sigma-Aldrich) was dried by refluxing over sodium/benzophenone and then distilling under an inert gas atmosphere. Methylaluminoxane was purchased from Sigma-Aldrich and used without further purification (10 wt% solution in toluene).
The catalysts used in this study were the stereorigid C 2 -symmetric ethylene bis(indenyl)zirconium dichloride, (rac-Et(Ind) 2 The polymerization reactions were carried out in a 350 mL stainless steel Parr autoclave. Typically the reactor was charged with catalyst (0.55 µmol in 5 mL toluene), MAO (10 wt% solution in toluene) and toluene (30 mL). The catalyst solution was stirred for 5 minutes and the monomer added. The reactor was pressurized with hydrogen and stirred for 2 hours. The Zr:Al ratio was maintained at 1:6000. Between 4 and 5 g of propylene was used for each reaction, and all reactions were carried out at 25 °C. The amount of hydrogen was varied to control molecular weight.
Typically reactions were stopped after 2 hours by venting the reactor and precipitating the formed polymer in 10% HCl/MeOH. The resulting polymer was washed several times with methanol and dried under vacuum at 80 °C for 15 hours to yield about 2 -4 g of polypropylene as a white powder.
NMR spectra ( 13 C NMR and 1 H NMR) were recorded at 120 °C on a Varian VXR 300 spectrometer. A pulse angle of 45 degrees and a relatively short repetition time of 0.82 seconds were used. Some of the samples were also run on a 600 Varian Unity Inova NMR spectrometer equipped with an Oxford magnet (14.09 T), operating at 600 MHz, using a 5 mm inverse detection PFG probe. Samples (60 -80 mg) for 13 C NMR analyses were dissolved at 110 °C in a 9:1 mixture of 1,2,4,-trichlorobenzene (TCB) and benzene-d 6 , or in 1,1,2,2-tetrachloroethane-d 2 (TCE-d 2 ). High-temperature gel permeation chromatography (HT-GPC) was performed using a Polymer Laboratories GPC 220 with three PL gel MIXED-B columns (Polymer Laboratories). The analyses were carried out in 1,2,4,-trichlorobenzene, stabilized with 0.0125% 2,6-di-tert-butyl-4-methylphenol, as solvent, at 140 ˚C. Calibration was done with monodisperse polystyrene standards (EasiCal from Polymer Laboratories).
The melting and crystallization temperatures were determined by a TA Instruments Q100 DSC. All measurements were conducted under a nitrogen atmosphere flow, at a purge gas flow rate of 50 ml/min. Melting temperatures were determined on the 2 nd heating scan (10 °C/minute) and the crystallization on the cooling cycle.
